Mycorrhizal basidiomycetes, Suillus grevillei and S. bovinus, were transformed by particle bombardment. We isolated eight and four transformants from S. grevillei and S. bovinus respectively under three conditions differing in terms of target distance and helium pressure. The transformation frequencies were 1.2 and 0.6 transformants/g DNA. Plasmid DNAs were integrated into the genomic DNA of the transformants and stably maintained. This is the first description of the transformation of S. grevillei and S. bovinus by particle bombardment.
Suillus grevillei is a symbiont that associates with the larch Larix gumelinii, a tree species that forms the largest boreal forest (taiga) in Siberia.
2) On the other hand, when the ectomycorrhizal fungus Suillus bovinus forms mycorrhizae in Pinus sylvestris roots, the polarized hyphae are replaced by branched swollen hyphal compartments. These morphological differences between nonsymbiotic and symbiotic hyphae have been documented, 3) as well as cytoskeletal components that are involved in the morphological changes that take place when plant roots and fungal mycelium become symbiotic. 4) In addition, S. grevillei and S. bovinus are popular wild edible mushrooms in some parts of Japan.
Protoplast-mediated transformation of edible mushrooms such as polyethyleneglycol/CaCl 2 (PEG/CaCl 2 ) treatment, electroporation, and restriction enzyme-mediated integration (REMI) have been reported. Pleurotus ostreatus [5] [6] [7] and Agaricus bisporus 8) have been transformed by PEG/CaCl 2 . Protoplasts of Agrocybe aegerita prototrophs have been transformed to prototrophy by electroporation with transformation frequencies ranging from 1 to 26 transformants/mg of DNA.
9) Transformation of Lentinula edodes has been achieved using REMI 10, 11) with a vector and a promoter sequence from the glyceraldehyde-3-phosphate dehydrogenase gene. Agrobacterium-mediated transformation has also recently been achieved in the mycorrhizal fungus, S. bovinus, using the hygromycin B phosphotransferase (hph) gene, 12) and in other fungi. [13] [14] [15] Particle bombardment, or the biolistic process, was developed for plant cells and tissues by Sanford et al.
16)
This technique relies on high velocity delivery of DNAcoated microcarriers. Particle bombardment is technically simpler than PEG/CaCl 2 , electroporation and REMI, since it does not require protoplast isolation. This technique has been used to transform the rust fungus Puccinia graminis, 17) Trichoderma reesei, 18) and Aspergillus nidulans. 19) Ectomycohrrizal fungi, Paxillus involutus 20) and Pisolithus tinctorius, 15) have also been transformed in this manner, but transformation of Suillus spp. by particle bombardment has not yet been reported. Here, we describe the transformation of the mycorrhizal basidiomycetes, S. grevillei and S. bovinus by particle bombardment.
Materials and Methods
Strains and plasmid. Suillus grevillei, Sg-i 1 was used the strain maintained in our laboratory. Suillus bovinus, AT605 was a gift of Dr. A. Yamada (Shinsyu University, Japan). These strains were maintained on a modified MMN medium or that medium containing 2.0% agar. 21) Plasmid pHHM 192 is based on pBluescript II SK þ and contains the hygromycin B phosphotransferase (hph) expression cassette, Pras-hph-TpriA, and the dsred2 expression cassette, Pgpd-5 0 gpd-dsred2-Tnos.
22)
Transformation. The Biolistic R PDS-1000/He Particle Delivery System (Bio-Rad, CA) was used for the transformation, and plasmid DNA was transformed as described previously. 23) The distance between the mycelial mat on the Petri dish and gold particles on the y To whom correspondence should be addressed. Tel: +81-29-873-3211; Fax: +81-29-874-3720; E-mail: masahide@ffpri.affrc.go.jp macrocarrier was 5.0-14.5 cm. Bombardment proceeded under helium pressure of 650-1,300 psi (pounds per square inch). Thereafter, the mycelial disk was subdivided into squares of about 0:7 Â 0:7 cm. To select transformants, mycelial disks were transferred to MMN medium containing 100 mg/ml hygromycin B (Hyg; Wako Pure Chemical, Osaka, Japan) and incubated at 26 C. Bombardment using only gold particles without plasmid DNA served as the control.
PCR and Southern hybridization. We confirmed whether the mycelia grown on MMN media containing 100 mg/ml hygromycin B were transformants using PCR and Southern hybridization. Genomic DNAs from S. grevillei and S. bovinus and transformants were prepared using the modified cetyltrimethylammonium bromide (CTAB) procedure of Murray and Thompson. 24) Insert Check PCR Mix (Takara Shuzo, Kyoto, Japan) for PCR along with universal primers for pUC vectors amplified an insert flanked by a pUC8 vector. Amplified DNAs were analyzed by EtBr staining after 0.8% agarose gel electrophoresis. Southern hybridization using the DIG system proceeded according to the instructions of the manufacturer (Boehringer Mannheim, Germany). The genomic DNAs (10 mg) from S. grevillei and S. bovinus and transformants were digested with BamH I, fractionated on 0.8% agarose gels, transferred to nylon membranes (Hybond-N, Amersham Pharmacia Biotech), and hybridized with the DIG-labeled hph gene.
Results
Bombardment proceeded under 12 conditions. The target distance and the pressure of the bombardment were varied at 5.0, 8.0, 11.0, and 14.5 cm and at 650, 1,100, 1,300 psi. Experiments were tried several times, and the transformants were obtained on one occasion on the same day (Table 1) .
At 650 psi, no transformants were isolated from either strain at any target distance or under the combination of 14.5 cm and any pressure. On the other hands, transformants were isolated from both strains under conditions of 1,100 psi and at 5.0 and 8.0 cm. The transformant yield was maximal at 1,100 psi. The control experiment showed that mycelia of both strains did not grow on MMN medium containing 100 mg/ml hygromycin B.
Sequences of putative transformants obtained from S. grevillei and S. bovinus were amplified by PCR using Insert Check PCR Mix. The method included a set of primers that can amplify a DNA fragment flanked by vector sequences. The amplified hph gene of the pHHM 192 vector should thus appear as a 1.1-kbp band (Fig. 1) .
We also analyzed the transformants obtained from both strains by Southern hybridization. The hybridization signal of pHHM 192 appeared as a band at 1.1 kbp (Fig. 2) . All of the transformants carried several hybridization signals of pHHM 192.
Discussion
We bombarded target cells under 12 combinations of target distance (5.0, 8.0, 11.0, and 14.5 cm) and bombardment pressure (650, 1,100, and 1,300 psi). Putative transformants of S. grevillei and S. bovinus were most frequently obtained at 1,100 psi, which was consistent with the results of Takeno et al. 25) and Vainstein et al.
26)
On the other hand, Li et al., 27) using Uromyces appendiculatus, reported a higher pressure of 1,550 psi and a shorter distance (2.5 cm) than that we used. We consider that the optimal transformation conditions depend on the nature of the target cells (conidia, sexual spores, and mycelia) and the physicochemical intensity of the cell wall. The transformation frequency was 1.2 and 0.6 transformants/mg DNA from S. grevillei and S. bovinus respectively. The transformation frequency of a monokaryotic strain of Pleurotus ostreatus to carboxin resistance 7) was similar to our results. In contrast, Aboul-Soud et al. 28) found that the transformation efficiency of Fusarium oxysporum was 45 transformants per mg of plasmid DNA after particle bombardment, but they used conidia obtained from F. oxysporum instead of mycelium. Fungaro et al. 19) obtained 81 Aspergillus nidulans transformants/mg of DNA and Lorito et al. 29) obtained 600 T. harzianum transformants/mg of DNA. Direct comparisons of these results might be insignificant in the light of different protocols, and fungal genera and the selection markers used in the biolistic transformations. Herzog et al. 30) found that the transformation frequency of Aspergillus nidulans was higher under PEG/CaCl 2 electroporation than under particle bombardment, but the rate of stable transformation was considerably higher with particle bombardment. Similarly, Lorito et al. 29) found with Trichoderma harzianum and Gliocladium virens that the biolistic procedure produced genetically stable progeny as compared with protoplast-mediated transformation.
The optimal conditions of bombardment remain to be optimized to increase the transformation frequency, as noted by Sanford et al. 31) Transformation frequency is affected by make-up (gold or tungsten) and size of particles, distance from mycelial mat to particles, and bombardment pressure.
All putative transformants that grew after transfer to MMN medium containing 100 mg/ml hygromycin B were analyzed by PCR. A DNA band of 1.1 kbp appeared in all transformants, showing that the sequence of the hph gene was intact in the genome (Fig. 1) . The PCR bands represent evidence of genomic integration of the transforming plasmid. Similar results have also been reported by Hanif et al. 12) with S. bovinus, but only 73% of phenomycin-resistant clones could be verified by PCR using a phenomycin marker for the mycorrhizal fungous, S. bovinus.
32) The DNA band of the hph gene was undetectable in the Sg-i 1 and AT605 strains (date not shown).
Southern blot studies revealed the integration of various copies of the transformed plasmid pHHM 192 into DNA, often as tandem repeats (Fig. 2) . Hanif et al.
12) detected a multiple integration event (3-8 copies) using hph as a probe. Bills et al. 20) also noted that variation in the number of multiple gene copies and insertion were found in the transformants of Paxillus involutus. No hybridization was found with the wild type-DNAs of Sg-i 1 or AT605 (data not shown). The results of PCR and Southern hybridization indicate that the plasmid pHHM 192 DNA was integrated into the genomic DNAs of S. grevillei and S. bovinus by particle bombardment.
Twelve transformants obtained from S. grevillei and S. bovinus were subcultured twice on MMN medium containing 100 mg/ml hygromycin B for 8 months after bombardment. The presence of the pHHM 192 sequence in the genomic DNAs of all transformants showing resistance to hygromycin was reconfirmed by PCR (data not shown). This result indicates that the DNA transferred by particle bombardment was stably maintained in the mycelium. The 100% mitotic stability of the 12 transformants is higher than the 60-70% of Asperigillus nidulans 30) achieved by particle bombardment. Hazell et al. 18) and Te'o et al. 33) also obtained results similar to ours.
In conclusion, the present results indicate that particle bombardment can be used to transform S. grevillei and S. bovinus stably. A major advantage of bombardment is that protoplast isolation is not necessary, thus providing a fast and easy scale-up method for transformation of intact cells. The conditions in this study are shown in Table 1 . They can be used as starting conditions for the optimization of bombardment transformation of other Suillus species or filamentous fungi. We believe that the conditions outlined here can be applied to other ectomycorrhizal fungi in which protoplasts are difficult to generate. 
